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Southwest Indian Ridge (10‡-24‡E)

1

2

Jennifer E. Georgen a;�, Mark D. Kurz b, Henry J.B. Dick c, Jian Lin c3

a MIT^WHOI Joint Program in Oceanography, Woods Hole Oceanographic Institution, Woods Hole, MA 02543, USA
b Department of Marine Chemistry and Geochemistry, Woods Hole Oceanographic Institution, Woods Hole, MA 02543, USA

c Department of Geology and Geophysics, Woods Hole Oceanographic Institution, Woods Hole, MA 02543, USA

4
5
6

Received 21 June 2002; received in revised form 5 November 2002; accepted 28 November 20027

8 Abstract
9
10 3He/4He ratios and total helium concentrations have been measured in a suite of basalt glasses from the ultra-slow
11 spreading (0.8 cm/yr half-rate) western Southwest Indian Ridge (SWIR). The study area is divided into two
12 subregions, a supersegment between 9‡ and 16‡E, where poorly defined ridge segments lie at a highly oblique angle to
13 the regional spreading direction, and a supersegment between 16‡ and 24‡E, where ridge segments are nearly
14 orthogonal to the spreading direction. Although earlier geochemical studies suggested that the western oblique
15 supersegment may be affected by the Bouvet plume more than 700 km to the west, there is no evidence for elevated
16 3He/4He in the region. In fact, 3He/4He throughout the entire study area ranges from 6.3 to 7.3 Ra, significantly below
17 normal mid-ocean ridge basalt helium isotopic ratios of 8; 1 Ra. The preferred explanation for low 3He/4He ratios is
18 recycled crustal or lithospheric material in the SWIR mantle source, although thorough evaluation of this explanation
19 awaits additional geochemical data. 4He concentrations for the oblique supersegment are generally lower than those
20 for the orthogonal supersegment, which may reflect variable extents of magmatic degassing along the ridge. The low
21 3He/4He ratios are not attributable to radiogenic ingrowth following post-eruptive degassing, because 4He
22 concentrations are too high (s 0.4 WccSTP/g). In addition to low ratios, 3He/4He measurements for the western
23 SWIR are characterized by low variability, which contradicts predictions of an inverse relationship between spreading
24 rate and helium isotope standard deviation. 3He/4He ratios for the orthogonal supersegment increase systematically
25 from west to east, and are positively correlated with mantle Bouguer anomaly, a correlation which is opposite to that
26 observed in other ridge environments. Overall, the range in 3He/4He isotopic values for the SWIR is significantly
27 different from that measured along other ridges, suggesting that there may be systematic variability of 3He/4He ratios
28 between ridge systems.
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33 1. Introduction

34 Along the global mid-ocean ridge system, areas
35 a¡ected by hotspots often have distinct geochem-
36 istry from ‘normal’ mid-ocean ridge basalt
37 (MORB). Analyses of major element, rare earth
38 element, and isotopic data for axial dredge sam-
39 ples can be merged with geophysical data such as
40 bathymetry and gravity to delineate portions of
41 ridge in£uenced by a nearby mantle plume [1^4].
42 Helium isotopic data are often a sensitive indica-
43 tor of plume in£uence [5^7]. One assumption
44 commonly made in interpreting noble gas data
45 is that the hotspot source is relatively undegassed
46 lower mantle. Under this assumption, high 3He/
47 4He indicates plume-like upwelling, since the deep
48 Earth is believed to be a source of primordial 3He
49 with a relatively low time-integrated (U+Th)/He
50 ratio.
51 Values of 3He/4He for normal MORB (N-
52 MORB) generally fall in the range of 8; 1, nor-
53 malized to the atmospheric ratio of 1.384U1036

54 (Ra) [9]. The assumption of a N-MORB value of
55 8; 1 Ra is based on along-axis studies (e.g.
56 [5,10,11]) which omit signi¢cant 3He/4He varia-
57 tions near hotspots. More recent studies, incorpo-
58 rating data from a variety of geologic settings in-
59 cluding ridges, back-arc basins, hotspot-
60 in£uenced sections of ridge, and near-ridge sea-
61 mounts, have questioned this value and suggest
62 that the global mean 3He/4He ratio is 9.1 ; 3.5
63 Ra [12,13]. This estimate, however, su¡ers from
64 numerous statistical e¡ects, including the assump-
65 tion that 3He/4He ratios are Gaussian-distributed
66 and artifacts from spatial averaging of unevenly
67 distributed data. This study makes use of MORB
68 ratios of 8 ; 1 Ra as a benchmark [9]. However,
69 the data presented here have implications for the
70 de¢nition of global average 3He/4He MORB val-
71 ues, particularly for the Southwest Indian Ridge
72 (SWIR), because they are signi¢cantly below the
73 putative ‘normal’ values.
74 Helium ratios around hotspots are often signif-
75 icantly di¡erent from those for N-MORB. For
76 example, Hawaii has elevated 3He/4He, in the
77 range of 8^32 Ra (e.g. [14^16]). In the vicinity of
78 Iceland, 3He/4He increases from 6 8 Ra south of
79 the Gibbs Fracture Zone to V15 Ra on the

80southern submarine portion of the Iceland pla-
81teau, to a high of 37 Ra on the island itself [17].
823He/4He ratios in lavas from the Galapagos is-
83lands vary between 8.6 and 27 Ra (e.g. [10,18]).
84Moreover, Reunion Island helium measurements
85range from 11 to 14 Ra [19,20], and isotopic ratios
86for the SWIR near the Bouvet plume in the south-
87ern Atlantic Ocean reach 14.2 Ra [21].
88There are also ocean islands and ridge segments
89with 3He/4He ratios lower than 8 Ra. Notably,
90most 3He/4He ratios along the Mid-Atlantic
91Ridge (MAR) near the Azores are as low as 7
92Ra [5]. Graham et al. [22,23] found ratios along
93the southern MAR near Tristan da Cunha,
94Gough, and St. Helena to be uniformly less
95than 7 Ra. Possible explanations for low 3He/
964He ratios include the addition of low He/
97(U+Th) material into the mantle source by recy-
98cling of subducted oceanic crust or delaminated
99continental lithosphere, and magma chamber or
100post-eruptive degassing followed by radiogenic in-
101growth [5,24,25].
102The goal of this investigation is to explore 3He/
1034He ratios along the western SWIR, between 10‡
104and 24‡E. This study area includes the slowest
105spreading rates for which 3He/4He ratios have
106yet been measured, as well as a section of ridge
107postulated to be a¡ected by the Bouvet plume
108[26]. Surprisingly, for this V800 km long portion
109of the SWIR, we report 3He/4He ratios that are
110both remarkably uniform and consistently below
111N-MORB values.

1122. Geological and geochemical setting

1132.1. Ridge geometry

114The SWIR extends V8000 km, from the Bou-
115vet Triple Junction (BTJ) in the west to the Ro-
116drigues Triple Junction in the east. Spreading
117rates along the SWIR are ultra-slow and relatively
118uniform, with half-rates ranging from 0.7 to 0.9
119cm/yr. Two near-ridge hotspots, Bouvet and Mar-
120ion, a¡ect accretionary processes along the SWIR
121[27^30]. The Bouvet hotspot is located approxi-
122mately 300 km east of the BTJ and V50 km
123from the nearest spreading segment of the
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124 SWIR. Marion is approximately 250 km south of
125 the ridge axis in the central portion of the SWIR,
126 to the east of the Andrew Bain Fracture Zone and
127 well outside of the study area.
128 The western SWIR can be divided into three
129 sections based on spreading geometry (Fig. 1).
130 Between the BTJ and the Shaka Fracture Zone,
131 well-de¢ned short ridge segments, which are or-
132 thogonal to the regional spreading direction, are
133 o¡set by relatively long-lived transform faults. In

134contrast, segmentation is poorly de¢ned along the
135400 km long section of ridge between 9‡ and 16‡E.
136This portion of the SWIR lies at a high angle to
137the regional spreading direction, and consequently
138is referred to here as the oblique supersegment.
139Because of its obliquity, this SWIR section has
140an e¡ective spreading rate, or spreading rate mea-
141sured orthogonal to the local ridge trend, of only
1420.42 cm/yr. This is the slowest rate along the ac-
143cessible portion of the global ridge system (only

24°E
56 °S

54 °S

52 °S

50 °S

48 °S

-5

-4

-3

-2

-1

0

de
pt

h 
(k

m
)

P
S

86
-6

P
S

86
-2

A
G

22
-5

A
G

22
-9

K
N

16
2-

9-
28

  
K

N
16

2-
9-

31
K

N
16

2-
9-

30
  

K
N

16
2-

9-
32

K
N

16
2-

9-
33

K
N

16
2-

9-
34

K
N

16
2-

9-
36

K
N

16
2-

9-
49

 

K
N

16
2-

9-
61

 
K

N
16

2-
9-

61
 

K
N

16
2-

9-
64

K
N

16
2-

7-
2 

K
N

16
2-

7-
4

K
N

16
2-

7-
5

K
N

16
2-

7-
5

K
N

16
2-

7-
6

K
N

16
2-

7-
7

K
N

16
2-

7-
8

K
N

16
2-

7-
10

 
K

N
16

2-
7-

11
K

N
16

2-
7-

13
K

N
16

2-
7-

14
K

N
16

2-
7-

17
K

N
16

2-
7-

18
K

N
16

2-
7-

20
K

N
16

2-
7-

21
K

N
16

2-
7-

22
K

N
16

2-
7-

23
K

N
16

2-
7-

24
 

K
N

16
2-

7-
25

K
N

16
2-

7-
26

  

Sh
ak

a 
FZ

D
T 

FZ

A
B

 F
Z

20° W 0° 20°E 40° E

60°S

50°S

40°S

30°S

20°S

BOUVET

SHONA

AFRICA

DISCOVERY
GOUGH

TRISTAN

SW
IR

M
A

R

AAR

28°E20°E16°E12°E8°E

11 Fig. 1. Locations of the dredged samples analyzed in this study. Most samples are from Knorr cruise 162, legs 7 and 9 (KN162-
2 designation, squares); samples with PS86- and AG22-pre¢xes (triangles) were obtained during Leg ANT IV/4 of the F.S. Polar-
3 stern (1986) and Agulhas Leg 22 (1981), respectively. Arrows indicate plate spreading direction [71-72]. The ridge axis between 9‡
4 and 16‡E is referred to as the oblique supersegment because the ridge lies at a high angle to the regional spreading direction. In
5 contrast, spreading is nearly perpendicular to the strike of the ridge between 16‡ and 25‡E, referred to as the orthogonal super-
6 segment. Ridge coordinates for the orthogonal supersegment are from Grindlay et al. [31]. Bathymetry data are extracted from
7 the global predicted sea£oor topography database [48]. The shallowest sea£oor (shaded white) is 6 3 km deep; the contour inter-
8 val is 1 km. DT FZ and AB FZ are the Du Toit and Andrew Bain fracture zones, respectively. Inset shows the regional setting
9 of the study area, just to the east of the Bouvet Triple Junction at V0‡E. The Bouvet Triple Junction joins the Southwest Indian
10 Ridge (SWIR), American^Antarctic Ridge (AAR), and southern Mid-Atlantic Ridge (MAR). The locations of hotspots in the vi-
11 cinity of the Bouvet Triple Junction are indicated with gray ¢lled circles.
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144 the Arctic ridges are slower). Between 16‡ and
145 25‡E, the SWIR is composed of a series of short
146 (V42 km) segments separated by non-transform
147 o¡sets [31]. Since ridge segments are only 10‡
148 from perpendicular to the regional spreading di-
149 rection in this area, this portion of the SWIR will
150 be referred to as the orthogonal supersegment.
151 The orthogonal supersegment was the focus of a
152 detailed geophysical survey by Grindlay et al. [31],
153 while the recent R/V Knorr cruise 162 (Austral
154 summer 2000^2001) surveyed bathymetry, mag-
155 netics, and gravity of the oblique supersegment
156 and dredged s 60 locations on both the oblique
157 and orthogonal supersegments [32].
158 The BTJ is the intersection of the SWIR, Amer-
159 ican^Antarctic Ridge (AAR), and MAR. Over the
160 past few million years, half-spreading rates for the
161 AAR and MAR have been 0.9 and 1.4 cm/yr,
162 respectively [33]. Spiess Seamount, a large vol-
163 canic edi¢ce on the ¢rst SWIR segment to the
164 east of the BTJ, may re£ect recent reorganization
165 of the triple junction and/or the present-day loca-
166 tion of the Bouvet plume [29,33].

167 2.2. Geochemistry: BTJ vicinity and western
168 SWIR

169 Values of 3He/4He in the immediate vicinity of
170 the BTJ range from 6.5 to 14.2 Ra [21]. Along the
171 SWIR, relatively high (9.98^12.9 Ra) values were
172 obtained for four samples on the ridge segment
173 closest to the Bouvet plume; a single measure-
174 ment for Bouvet Island itself is 12.4 Ra [21]. Ra-
175 tios for the segments £anking the Bouvet Ridge
176 segment are relatively low (7.12^7.45 Ra) ; these
177 ratios were attributed to ambient mantle 3He/
178 4He values lower than the global average of 8
179 Ra [21]. Surprisingly, however, the highest mea-
180 surements were obtained for the ridge segment
181 between the Islas Orcadas and Shaka fracture
182 zones, where a single dredge haul included rocks
183 with ratios ranging from 7.41 to 14.9 Ra [21].
184 Along the eastern AAR, 3He/4He ratios are sys-
185 tematically higher near the BTJ (8.95^9.71 Ra),
186 compared to lower values between 15‡ and
187 18‡W (6.68^8.1 Ra) [21].
188 Four hotspots are located within 750 km of the
189 southern MAR, Tristan, Gough, Discovery, and

190Shona (Fig. 1). As noted previously, Tristan and
191Gough are both low 3He/4He hotspots, with ra-
192tios 6 7 Ra [22,23]. However, both Shona and
193Discovery are characterized by well-de¢ned axial
1943He/4He highs, with maximum 3He/4He ratios of
19514.7 and 14.2 Ra, respectively [7,21,25]. To the
196south of Shona, in the immediate vicinity of the
197BTJ, 3He/4He ratios of the MAR samples return
198to lower values of 7.11^7.66 Ra [21]. Note that
199these values are slightly lower than 8 Ra, the typ-
200ical value for N-MORB.
201Between the BTJ and 11‡E along the SWIR,
202normal, transitional, and enriched MORB are
203juxtaposed with no clear gradient away from the
204Bouvet plume [34]. This geochemical variability is
205attributed to the ultra-slow spreading rate, which
206allows the persistence of small, localized plume-
207related heterogeneities without magma mixing or
208homogenization [26,34]. For the oblique superseg-
209ment, isotopic, major element, and trace element
210data are available for six dredge hauls collected
211prior to the KN162 cruises [26]. Dredged lavas are
212highly K-enriched, nepheline-normative alkali ba-
213salts and hawaiites with highly fractionated in-
214compatible element ratios and enriched isotopic
215ratios. Le Roex et al. [26] explain these basalts
216as the products of extremely low percentage melt-
217ing (6 5%) of a veined mantle source. They pos-
218tulate that the isotopically and trace-element-en-
219riched veins result from lateral dispersion of the
220Bouvet plume more than 700 km away. A lack of
221published geochemical data for the orthogonal
222supersegment complicates evaluation of Bouvet
223contributions. However, several isotopic analyses
224of basalts from this region suggest that it is com-
225posed of isotopically depleted N-MORB [35].
226Likewise, preliminary major element analysis of
227the same basalts used in this study suggests that
228the orthogonal supersegment erupts N-MORB
229[36].

2302.3. Study motivation

231This study documents variations in 3He/4He ra-
232tios along the western SWIR. Since these 3He/4He
233measurements correspond to the slowest spread-
234ing rates for which helium data are currently
235available, we ¢rst compare 3He/4He values from
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236 the oblique and orthogonal supersegments to
237 measurements at faster spreading ridges. Second,
238 we evaluate whether 3He/4He measurements di¡er
239 systematically between the orthogonal and
240 oblique supersegments, as a function of both
241 proximity to the Bouvet hotspot and change in
242 e¡ective spreading rate. Third, we place the vari-
243 ability of 3He/4He along the western SWIR in a
244 global context. Of particular interest is an evalua-
245 tion of the hypothesis that 3He/4He variability for
246 this ultra-slow spreading ridge should be high,
247 given the linear relationship between reciprocal
248 spreading rate and 3He/4He variance proposed
249 by Alle'gre et al. [37].

250 3. Samples and analytical procedures

251 The samples described here primarily came
252 from dredge sampling of the SWIR between 10‡

253and 24‡E during R/V Knorr legs 162-7 and 162-9
254(Austral summer 2000^2001) [38]. Samples from
255Leg ANT IV/4 of F.S. Polarstern (1986) and the
2561981 Agulhas Leg 22 cruise supplemented the
257Knorr dredges. KN162 recovered over 60 dredges
258along the SWIR axis, and the rocks varied in li-
259thology and degree of alteration. The samples
260used in this investigation were selected for the
261availability of fresh basaltic glass. Vesicularities
262of the measured glasses range from 6 1% to
2635%. In general, glasses from the oblique superseg-
264ment had more iron^manganese coatings, thinner
265glassy rims, and higher vesicularity than glasses
266from the orthogonal supersegment [38]. The loca-
267tions of the analyzed basalts are indicated in Fig.
2681 and Tables 1 and 2.
269Fresh, completely vitreous glasses in the 0.5^2
270mm size fraction were handpicked under magni¢-
271cation and cleaned ultrasonically in ethanol and
272acetone. The small size of these glass chips was

Table 1
Helium data for the western SWIR, oblique supersegment (10‡^16‡E)

Sample Lat. Long. 4He conc. 3He/4He ; Depth Methoda1
(‡S) (‡E) (WccSTP/g) (R/Ra) (m)2

KN162-9-28-32 352.90 10.67 0.0184 5.81 0.26 3803 13
0.02096 3.76 0.16 3803 34

KN162-9-31-1 3352.81 11.08 2.02 6.61 0.05 3074 15
0.01842 5.94 0.20 3074 36

KN162-9-30-12 3352.99 11.16 2.97 6.49 0.04 3587 17
0.05126 6.11 0.10 3587 38

KN162-9-32-11 352.75 11.22 0.00383 4.71 1.15 2720 19
0.003793 5.94 1.28 2720 310

KN162-9-33-51 352.82 11.39 0.0299 1.25 0.14 1462 111
0.003740 0.77 1.35 1462 312

KN162-9-34-39 3352.86 11.43 2.05 6.52 0.04 2126 113
0.07783 6.17 0.08 2126 314

KN162-9-36-27 352.75 11.71 13.8 6.94 0.05 4017 115
KN162-9-49-13 3352.48 12.86 1.55 6.80 0.04 4193 116

0.2274 6.70 0.07 4193 317
PS86-6-1 352.35 13.13 0.0171 3.43 0.16 4000 218
PS86-6-2 352.35 13.13 0.02819 3.21 0.07 4000 219

0.00242 5.98 0.40 4000 120
0.0227 3.05 0.05 4000 321

KN162-9-61-71 352.10 14.60 0.01391 1.18 0.08 2282 122
0.007611 0.35 0.11 2282 323

PS86-2-14 3352.22 14.63 15.92 6.26 0.02 3200 224
KN162-9-64-1 352.29 15.64 0.006447 6.31 0.34 2947 125

0.01321 6.40 0.21 2947 326
a 1=Crushing in vacuo, 2=melting in vacuo, 3=melting of powder produced by crushing. Bold entries have 4He concentrations
greater than the threshold value of 0.4 WccSTP/g. Depths for PS- and AG-cruises are approximate.

27
28
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273 necessary to avoid alteration. It is well known
274 that such small grain sizes may result in loss of
275 gas in vesicles, which should be noted when com-
276 paring helium concentrations measured in this
277 study to those obtained elsewhere. Helium mea-
278 surements were generally performed by crushing
279 in vacuo, although a number of samples were an-
280 alyzed by melting. Crushing in vacuo selectively
281 releases helium contained by vesicles, and is the
282 preferred method here for two reasons. First, it

283minimizes post-eruptive radiogenic contributions
284from decay of Th and U, which reside in the solid
285matrix. Second, based on glass^vesicle equilibri-
286um studies, a vesicularity of 1^5% corresponds
287to a vesicle/glass helium concentration ratio of
2881:100 (e.g. [9]). Therefore, glass matrix 3He/4He
289ratios are more susceptible to change by radio-
290genic ingrowth both due to higher (U+Th) and
291because overall gas concentrations are lower.
292Concentrations for most samples were determined

Table 2
Helium data for the western SWIR, orthogonal supersegment (16‡^24‡E)

Sample Lat. Long. 4He conc. 3He/4He ; Depth Methoda1
(‡S) (‡E) (WccSTP/g) (R/Ra) (m)2

KN162-7-2-1 3352.33 16.23 0.6343 6.77 0.04 3855 13
0.4843 6.58 0.03 3855 34

KN162-7-4-31 3352.36 17.11 2.972 6.67 0.03 3928 15
1.276 6.55 0.04 3928 36

KN162-7-5-1 3352.42 17.43 1.106 6.64 0.04 3090 17
0.1906 6.52 0.03 3090 38

KN162-7-6-2 3352.52 17.70 15.1 6.80 0.04 3582 19
10.58 6.74 0.06 3582 210

KN162-7-7-2 3352.55 18.03 11.45 6.91 0.05 4001 111
KN162-7-8-5 3352.61 18.34 2.882 6.88 0.03 3702 112

3.679 6.88 0.05 3702 313
AG22-5-2 3352.76 19.10 0.7269 6.97 0.03 3700 214
AG22-5-7 3352.76 19.10 3.541 7.03 0.06 3700 215
AG22-5-18 3352.76 19.10 0.717 6.87 0.03 3700 216
AG22-5-14 352.76 19.10 0.03521 6.67 0.10 3700 217
KN162-7-11-25 3352.80 19.20 38.06 6.89 0.03 3886 118

7.449 6.83 0.04 3886 319
KN162-7-10-21 3352.75 19.27 3.309 6.90 0.04 3165 120

2.787 6.71 0.04 3165 321
KN162-7-13-29 3352.86 19.91 22.49 6.91 0.04 4071 122

7.144 6.82 0.03 4071 323
KN162-7-14-7 3352.92 20.38 18.33 6.94 0.04 3450 124

3.820 6.86 0.03 3450 325
KN162-7-17-16 3352.95 20.93 6.040 7.21 0.04 3874 126
KN162-7-18-17 3352.99 21.41 2.822 7.03 0.02 4507 127

10.06 7.01 0.05 4507 328
KN162-7-20-6 3353.04 22.18 27.00 7.29 0.04 4246 129
KN162-7-23-107 3353.17 22.57 20.47 7.28 0.04 3658 130

1.626 7.01 0.05 3658 331
KN162-7-21-2 3353.03 22.47 33.30 7.10 0.03 3787 132
KN162-7-22-14 3353.11 22.65 30.53 7.03 0.04 3875 133
KN162-7-24-4 3353.16 22.85 9.472 7.01 0.03 3290 134
AG22-9-2 3353.13 22.88 25.53 7.23 0.04 3800 235
KN162-7-25-3 3353.17 23.12 1.478 7.09 0.03 3995 136

12.53 7.05 0.05 3995 337
KN162-7-26-23 3353.21 23.36 2.351 7.28 0.06 3325 138
a 1=Crushing in vacuo, 2=melting in vacuo, 3=melting of powder produced by crushing. Bold entries have 4He concentrations
greater than the threshold value of 0.4 WccSTP/g. Depths for PS- and AG-cruises are approximate.

39
40
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293 by both crushing and melting of the powder re-
294 maining from crushing, which then allowed esti-
295 mation of total magmatic helium concentrations.
296 All measurements were performed at Woods Hole
297 Oceanographic Institution on a 90‡ sector mass
298 spectrometer. Extraction lines for crushing and
299 melting, mass spectrometry, and blank values
300 are described elsewhere [16,39]. 4He blanks during
301 the course of these measurements were
302 V6U10311 ccSTP.
303 Where both crushing and melting of glass chips
304 were performed on the sample (e.g. KN162-7-6-2),
305 the isotopic composition determined by the two
306 methods was identical within error, which demon-
307 strates that the 3He/4He ratios obtained do not
308 re£ect any crushing-induced fractionation pro-
309 cesses. This is con¢rmed by step-crushing experi-
310 ments performed on several samples (KN162-7-
311 11-25, KN162-7-18-17, and KN162-9-33-49). He-
312 lium released by both lighter crushing and more
313 extensive crushing than the normal procedure
314 yielded identical isotopic compositions in all
315 cases.
316 Complete major element, rare earth element,
317 and isotopic data sets are not yet available for
318 the KN162 samples. Petrographic descriptions,
319 as well as whole rock and glass analyses for the
320 Polarstern samples, can be found in le Roex et al.
321 [26]. Isotopic, major element, and trace element
322 data for AG22-9-2 are described in Mahoney et
323 al. [35].

324 4. Results and discussion

325 4.1. 4He concentrations

326 The 4He concentrations and 3He/4He ratios (R/
327 Ra) are reported in Tables 1 (oblique superseg-
328 ment) and 2 (orthogonal supersegment). Errors
329 for the isotopic ratios are reported as 1c ; uncer-
330 tainties in the 4He concentrations are typically 1^
331 2%. Total concentrations of 4He (mostly calcu-
332 lated as the sum of crushing plus powder melting)
333 vary widely, from 0.0076 WccSTP/g (sample
334 KN162-9-32-11) to 45.5 WccSTP/g (sample
335 KN162-7-11-25); this wide variation is not unusu-
336 al and indicates the important in£uence of degas-

337sing processes on the measured helium contents
338(Fig. 2). Wide variability of 4He concentrations
339within a single dredge haul (e.g. AG22-5) re£ects
340low glass availability and measurement of small
341glass chips (9 0.5 mm) for some samples (e.g.
342AG22-5-14).
343Fig. 3 shows that 4He concentrations for sam-
344ples from the oblique supersegment may generally
345be lower than those from the orthogonal super-
346segment. Lower concentrations for the oblique
347supersegment may re£ect more extensive degas-
348sing during residence in magma chambers, in
349transit to the surface, and/or upon eruption on
350the sea£oor. It is noteworthy that within samples
351from the orthogonal supersegment, there is an ap-
352parent relationship between longitude and total
353helium concentration, with signi¢cantly higher
3544He contents farther to the east (Fig. 3). 4He con-
355tents range between 0.7 and 10.58 WccSTP/g in the
356western orthogonal supersegment samples (16.2^

11Fig. 2. Variation of 4He concentration as a function of 3He/
24He ratio. Only 3He/4He ratios for samples with 4He concen-
3trations above a cuto¡ of 0.4 WccSTP/g were considered rep-
4resentative of the mantle magmatic ratio, since low-4He sam-
5ples may have been a¡ected by degassing and post-eruptive
6radiogenic ingrowth. For the remaining, high-4He samples,
73He/4He ratios fall in the range of 6.3^7.3 Ra. The concen-
8tration threshold cuto¡ represented by a horizontal line at
90.4 WccSTP/g is explained in Fig. 5. All square symbols indi-
10cate glasses from KN162, while all triangle symbols represent
11samples from the PS86 or AG22 cruises. The shading of the
12symbol indicates the technique of helium measurement
13(black= crushing, un¢lled=melting, gray=melting of the
14powder produced by crushing).
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357 19.1‡E) and between 6.0 and 45.5 WccSTP/g in the
358 east (19.2^23.4‡E). Although shallower samples
359 are often more degassed, possibly re£ecting the
360 e¡ects of hydrostatic pressure on outgassing, there
361 is not a strong relationship between 4He concen-
362 tration and dredge depth for the Knorr samples
363 (Fig. 4).
364 3He/4He isotopic compositions of samples with
365 extremely low gas contents may have been af-
366 fected by degassing followed by post-eruptive ra-
367 diogenic ingrowth or seawater interaction. To
368 avoid overinterpretation of such data, this discus-
369 sion focuses exclusively on samples with 4He con-
370 centrations greater than 0.4 WccSTP/g. Over time
371 scales of 6 1 Myr, it is unlikely that post-eruptive
372 radiogenic ingrowth of 4He by U+Th decay
373 would a¡ect the 3He/4He ratios of samples with
374 concentrations higher than this. After 1 Myr of
375 radiogenic ingrowth in a closed system, a sample
376 with a 4He concentration of 0.4 WccSTP/g and an
377 initial 3He/4He ratio of 8 Ra would decrease by
378 only 10% (Fig. 5), assuming a uranium concentra-
379 tion [U] of 0.6 ppm [21] and a Th/U ratio of 3
380 [40]. Although Th data are not yet available for
381 the study area, the mean dredge-averaged [U] for
382 the orthogonal supersegment is 0.11 ppm
383 (range= 0.04^0.22 ppm), and for the oblique
384 supersegment is 0.5 ppm (range= 0.06^1.60 ppm)
385 (Standish et al., in preparation). The assumption

386of a relatively high [U] concentration of 0.6 ppm,
387therefore, yields an upper bound on 3He/4He ratio
388decrease due to radiogenic ingrowth.
389A decrease in 3He/4He ratio of 10% is a signi¢-
390cant threshold because the highest 3He/4He ratio
391among the samples was 7.29 Ra, approximately
39210% below the N-MORB reference of 8 Ra.
393Moreover, V10 Myr would be required for the
3943He/4He ratio for a sample with 4He= 4 WccSTP/g

11 Fig. 3. Variation of total glass 4He concentration as a function of longitude. Samples from the oblique supersegment and the
2 western orthogonal supersegment have signi¢cantly lower total 4He concentrations. This longitudinal di¡erence may re£ect vari-
3 able degrees of magmatic degassing, or di¡erences in mantle gas concentrations. The concentration threshold cuto¡ is represented
4 by a horizontal line at 0.4 WccSTP/g as explained in Fig. 5. As in Fig. 2, squares represent samples from KN162, and triangles
5 indicate samples from PS86 or AG22. Gas concentrations determined from the sum of melting and crushing are indicated with
6 gray symbol shading, while those determined via melting of chips only are indicated with un¢lled symbols.

11Fig. 4. Concentration of 4He as a function of sea£oor depth
2for the Knorr samples. 4He concentrations for the Polarstern
3and Agulhas samples were not plotted because depths for
4these samples are poorly constrained. Symbols are as in Fig.
52. The concentration threshold cuto¡ represented by a hori-
6zontal line at 0.4 WccSTP/g is explained in Fig. 5.
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395 to decrease by 10%. For 4He= 40 WccSTP/g, ap-
396 proximately the highest concentration measured
397 in this suite of basalts, this time scale is on the
398 order of 100 Myr. In 1 Myr, the decrease in 3He/
399 4He for 4He= 40 WccSTP/g is smaller than analyt-
400 ical error. Therefore, a concentration cuto¡ of 0.4
401 WccSTP/g is very conservative both because the
402 samples were dredged at the ridge axis and are
403 most likely I1 Myr in age, and also because

404these calculations assume fairly high Th+U con-
405centrations.

4064.2. Eruption ages

407Helium isotope disequilibrium between vesicles
408and glass can be used to constrain the maximum
409eruption age of sea£oor samples [21,41], a param-
410eter that is of considerable interest in this ultra-
411slow spreading environment. Because the (U+Th)/
412He method of dating is most successful for sam-
413ples with low gas concentrations [41], we focus on
414glasses with melting-derived [4He] below the con-
415centration cuto¡. We also calculate ages only for
416those samples for which 3He/4Hecrush di¡ers from
4173He/4Hepowdermelt by more than 2c. Additionally,
418we assume that [U] = 0.6 ppm [21], Th/U=3 [40],
419helium was in equilibrium at eruption, and the
420only source of low 3He/4He ratios is radiogenic
421ingrowth. All samples that meet these require-
422ments are from the oblique supersegment. As dis-
423cussed above, the assumption of a uranium con-
424centration of 0.6 ppm is close to the mean [U] of
4250.5 ppm along the oblique supersegment, and falls
426within the measured range of 0.06^1.60 ppm
427(Standish et al., in preparation).
428One set of model calculations assumes that ini-
429tial isotopic compositions are equal to the 3He/
4304He ratios obtained by crushing. The resultant
431eruption ages range from 15 to 90 kyr (Table 3).
432In a second set of calculations, where the initial
433composition is set equal to the highest 3He/4He
434ratio obtained in the survey area (7.29 Ra), the

11 Fig. 5. Predicted time-dependent evolution of 3He/4He ratios
2 resulting from post-eruptive radiogenic ingrowth of 4He by
3 decay of U+Th. Curves were calculated for four initial 4He
4 concentrations, 0.04, 0.4, 4, and 40 WccSTP/g, overlapping
5 the concentration range observed in the SWIR sample suite.
6 Assumptions include an initial 3He/4He ratio of 8 Ra, [U] of
7 0.6 ppm [21], and a Th/U ratio of 3 [40]. Dashed line indi-
8 cates 10% reduction in initial 3He/4He ratio. This study inter-
9 prets only samples with concentrations su⁄ciently high that
10 post-eruptive radiogenic ingrowth does not lower their 3He/
11 4He ratio below the 10% threshold for time scales 6 1 Myr.
12 This concentration threshold corresponds to 0.4 WccSTP/g,
13 and is indicated in Figs. 2^4.

Table 3
Eruption ages

Sample Crushing Meltinga Age 1b Age 2b1
4He conc. 3He/4He 4He conc. 3He/4He2
(WccSTP/g) (R/Ra) (WccSTP/g) (R/Ra) (kyr) (kyr)3

KN162-9-28-32 0.0184 5.81 0.02096 3.76 60 824
KN162-9-31-1 2.02 6.61 0.01842 5.94 15 285
KN162-9-30-12 2.97 6.49 0.05126 6.11 24 676
KN162-9-34-39 2.05 6.52 0.07783 6.17 34 967
PS86-6-2 0.00242 5.98 0.0227 3.05 90 1078
KN162-9-61-71 0.01391 1.18 0.007611 0.35 43 599
a Reported values correspond to melting of the powder produced by crushing.
b Age 1 was calculated by assuming that the initial isotopic composition was equal to the composition provided by crushing.
Age 2 sets the initial composition to the highest 3He/4He ratio in the survey area, 7.29 R/Ra.

10
11
12
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435 calculated eruption ages are slightly older, ranging
436 from 28 to 107 kyr.
437 These calculations indicate that 3He/4He ratios
438 for low-4He samples can be signi¢cantly altered
439 by post-eruptive radiogenic ingrowth on V100
440 kyr time scales, and demonstrate the necessity of
441 making measurements by crushing in vacuo and
442 using a cuto¡ concentration. It should be clearly
443 noted, however, that the complete suite of U and
444 Th measurements is not yet available for these
445 samples, and therefore these age calculations are
446 only estimates. Also, in the absence of other rare
447 gas isotopic data, it is di⁄cult to rule out contri-
448 butions by atmospheric contamination, as is sug-

449gested by near-atmospheric 3He/4He ratios in
450samples such as KN162-9-33-51 (1.25 Ra) and
451KN162-9-61-71 (1.18 Ra). Nevertheless, these cal-
452culated ages are geologically reasonable, and sug-
453gest that Th^U^He ages will be useful for MORB
454[21].

4554.3. 3He/4He ratios

456For samples with 4He concentrations above 0.4
457WccSTP/g, 3He/4He ratios vary between 6.3 and
4587.3 Ra (Fig. 6a). These values are assumed to
459represent the mantle and are uniformly below
460the global average of 8 Ra for N-MORB, an ob-
461servation that is discussed further below. 3He/4He
462ratios for the oblique supersegment show no sys-
463tematic trend with longitude, though there are
464relatively few data points (Fig. 6a). In contrast,
465for the eastern portion of the study area, there is a
466trend of increasing 3He/4He ratios toward the Du
467Toit Fracture Zone (Fig. 7). Isotopic ratios for
468the samples east of 16‡E are well described by a
469linear relationship between 3He/4He and longi-
470tude, with r2 = 0.71. Over this region, 3He/4He
471ratios increase by approximately 0.8 Ra, or
472roughly 20 times the average 1c measurement er-
473ror.
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11 Fig. 6. (a) 3He/4He ratios along the SWIR between 10‡ and
2 24‡E. Horizontal line at 8 Ra indicates average 3He/4He for
3 normal mid-ocean ridge basalt (N-MORB). As in Fig. 2,
4 symbol shape indicates cruise (squares=KN162, trian-
5 gles=PS86 or AG22) and symbol color indicates helium
6 analysis technique (black= crushing, un¢lled=melting,
7 gray=melting of the powder produced by crushing). (b) 87Sr/
8 86Sr ratios along the oblique and orthogonal supersegments.
9 Data are from le Roex et al. [26] and Mahoney et al. [35].
10 Gray line shows axial topography, extracted from the pre-
11 dicted topography database [48].

11Fig. 7. 3He/4He ratios increase eastward along the orthogo-
2nal supersegment. Least-squares regression (black line) indi-
3cates that 3He/4He and longitude are correlated with
4r2 = 0.71. There is also a correlation between long-wavelength
5mantle Bouguer anomaly (MBA, gray line) and 3He/4He ra-
6tios. The MBA pro¢le was calculated by applying a 150 km
7cuto¡ lowpass ¢lter to the MBA data in Grindlay et al. [31],
8sampled every 10 km. Symbols are the same as in Fig. 2.
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474 As noted earlier, 4He concentrations are gener-
475 ally lower in the western portion of the orthogo-
476 nal supersegment than in the eastern portion. In-
477 terestingly, both long-wavelength mantle Bouguer
478 anomaly (MBA, Fig. 7) and the geoid also in-
479 crease from 16‡ to 24‡E. Lower values of MBA
480 indicate thickened crust, higher mantle tempera-
481 tures, and/or lower crustal density [42,43]. A trend
482 of eastward-increasing MBA along the orthogo-
483 nal supersegment is generally consistent with the
484 supersegment’s position between the thermally
485 warm BTJ region and the cool, long-o¡set Du
486 Toit and Andrew Bain fracture zones [30]. How-
487 ever, a positive correlation between MBA and
488 3He/4He ratio is unusual in both hotspot-a¡ected
489 (e.g. Iceland) and non-hotspot-a¡ected (e.g. Aus-
490 tralian^Antarctic Discordance) settings, where the
491 3He/4He^MBA correlation is often negative
492 [44,45]. Although a de¢nitive explanation for
493 this relationship is lacking, it is important to
494 note that a prominent, roughly circular global ge-
495 oid high, with a diameter of a few thousand kilo-
496 meters, is centered at approximately the location
497 of the Marion plume [46]. This geoid high indi-
498 cates a deep-seated and spatially extensive plane-
499 tary-scale density anomaly which could contribute
500 to the gravity gradient observed for the orthogo-
501 nal supersegment. In Iceland, the geoid and 3He/
502 4He ratios decrease in concert away from the hot-
503 spot because both are controlled by the same
504 plume. However, for the oblique and orthogonal
505 supersegments, trends in the geoid may re£ect
506 long-wavelength convection processes outside the
507 study area which are unrelated to local geochem-
508 ical systematics. The positive 3He/4He^MBA cor-
509 relation may therefore result from local 3He/4He
510 variability superimposed on regional or planetary-
511 scale gravity trends.
512 Although we do not have su⁄cient data to con-
513 strain the cause of the correlation between 4He
514 concentration and 3He/4He ratio along the or-
515 thogonal supersegment, we consider two possible
516 explanations for the correlation. One plausible
517 way of interpreting the low 4He concentrations
518 on the western side of the orthogonal superseg-
519 ment is that basalts there have undergone more
520 extensive degassing on the way to the surface. If
521 that is the case, then the low glass helium concen-

522trations are not source-related. Another plausible
523explanation for the low concentrations is that
524there was a recent mantle degassing event that
525lowered the ambient mantle helium concentra-
526tions, which could result in slightly lower 3He/
5274He ratios given su⁄cient time. For example, as-
528suming 10% partial melting and typical U/Th ra-
529tios, the time required to signi¢cantly lower 3He/
5304He ratios would be on the order of 5^10 Myr.
531This would assume that the measured glass con-
532centrations re£ect actual mantle gas contents, un-
533a¡ected by degassing in magma chambers or dur-
534ing eruption, or degree of partial melting. One
535mechanism that could result in mantle degassing
536is a past partial melting event. We speculate that
537the orthogonal supersegment’s proximity to the
538BTJ may result in inheritance of mantle previ-
539ously melted at the MAR and AAR.

5404.4. 3He/4He variability and spreading rate

541Because the SWIR samples were dredged from
542a portion of ridge with extremely slow spreading
543rate, it is important to compare their 3He/4He
544ratios to those obtained for samples from faster-
545spreading ridges. We compiled all available 3He/
5464He measurements for ultra-slow spreading
547SWIR, slow spreading MAR, and intermediate
548spreading Southeast Indian Ridge (SEIR) glasses
549from the RIDGE PETDB database [47], and sup-
550plemented this compilation with new analyses for
551the SEIR by Graham et al. [45]. Samples that
552occur within a plume-a¡ected region were re-
553moved from the data set. We de¢ne plume-af-
554fected regions as areas with sea£oor sV20%
555shallower or deeper than a local baseline depth,
556following the methods of Ito and Lin [4] and us-
557ing ridge topography pro¢les from [4,8,23,30,48^
55850]. We also eliminate measurements from the
559Australian^Antarctic Discordance (AAD) along
560the SEIR, an area with unusually cool mantle
561temperatures.
562Examining similarly ¢ltered data sets from the
563MAR, SWIR, Central Indian Ridge, Juan de
564Fuca Ridge, and East Paci¢c Rise, Alle'gre et al.
565[37] suggested a linear correlation between 3He/
5664He standard deviation and reciprocal spreading
567rate. Fig. 8 shows the correlation suggested by
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568 Alle'gre et al. [37], with respect to the new SWIR
569 data reported here. These data and the recent
570 MAR and SEIR databases do not support a pos-
571 itive correlation between 3He/4He and spreading
572 rate. However, it is clear from Fig. 8 that the
573 samples from 10‡ to 24‡E on the SWIR have sig-
574 ni¢cantly lower standard deviation than the
575 MAR, SEIR, or full SWIR data sets. This relative
576 uniformity in helium isotopic ratios is in strong
577 contrast to the variability along the SWIR be-
578 tween the BTJ and 7‡E, where ratios range from
579 7.12 to 14.9 Ra, as well as to the heterogeneity of
580 other isotopic systems, such as 87Sr/86Sr ratios
581 [26], discussed next.

5824.5. In£uence of the Bouvet plume on 3He/4He
583ratios

584Based primarily on similarities between the Sr^
585Nd^Pb isotopic compositions of dredged glasses
586from 10‡ to 13‡W and those from near Bouvet
587Island, le Roex et al. [26] suggested that the man-
588tle beneath the oblique supersegment has been
589in£uenced by the Bouvet plume. Although the
590data are sparse, Fig. 6 shows that 87Sr/86Sr ratios
591of the oblique supersegment (0.7029^0.7036) are
592signi¢cantly higher than those of the orthogonal
593supersegment (V0.7025). Despite this and other
594geochemical evidence for in£uence of the Bouvet
595plume on the oblique supersegment [26], helium
596isotopes do not indicate that a deep-seated, rela-
597tively undegassed mantle plume is presently a¡ect-
598ing accretionary processes along this portion of
599the SWIR. Over the oblique supersegment, 3He/
6004He ratios range from 6.26 to 6.94 Ra, signi¢-
601cantly below values for N-MORB. Since Bouvet
602is a ‘high 3He/4He’ hotspot (with ratios up to 13
603Ra), these values do not suggest mixing between a
604source with N-MORB 3He/4He ratios and a Bou-
605vet plume end-member (Fig. 9). We explore three
606possible explanations for the apparent discrep-
607ancy between helium isotopes and other geochem-
608ical data. The ¢rst explanation involves spatial
609decoupling between helium and other isotopic sys-
610tems in a broadly distributed Bouvet plume. The
611second explanation invokes distribution of dis-
612crete, enriched domains derived from a smaller
613Bouvet plume along the SWIR and AAR. The
614third, preferred explanation suggests that the
615low 3He/4He ratios are characteristic of a widely
616distributed, heterogeneous South Atlantic mantle
617source that does not necessarily require the in-
618volvement of the Bouvet plume.

6194.5.1. Broad Bouvet plume
620The ¢rst explanation posits that lateral disper-
621sion of the Bouvet plume away from its vertically
622upwelling plume conduit at Bouvet Island (3‡E) is
623broad. Absolute plate motion of the African and
624Antarctic plates would shear upwelling plume ma-
625terial to the east [51], similar to the case of the
626Galapagos plume [18]. For Galapagos, Kurz and
627Geist [18] postulate that helium is preferentially

11 Fig. 8. Standard deviation of 3He/4He ratios measured on
2 MORB glasses as a function of inverse spreading rate for
3 the Mid-Atlantic Ridge (MAR), Southeast Indian Ridge
4 (SEIR), and Southwest Indian Ridge (SWIR). To calculate
5 3He/4He variability, we ¢rst eliminated all samples lying
6 within a plume-a¡ected region. Plume-in£uenced regions
7 were de¢ned by axial depth anomalies following Ito and Lin
8 [4]. Data from the Australian^Antarctic Discordance along
9 the SEIR, a region with unusually cool mantle temperatures
10 [65-66], were also eliminated. For each ridge, standard devia-
11 tion was then calculated using all of the remaining samples
12 after removing linear trends from the data. The relationship
13 suggested by Alle'gre et al. [37], correlating high 3He/4He ra-
14 tio standard deviation with slow spreading rate, is shown
15 with a black line. The points for the SEIR (n=85), MAR
16 (n=93), and SWIR (all, n=44), which re£ect the improved
17 global data set since 1995, do not strongly support such a
18 correlation. Notably, the standard deviation for samples
19 from 10‡ to 25‡E along the SWIR is considerably lower than
20 that for the MAR, SEIR, or total SWIR data sets.
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628 extracted from the vertically upwelling plume, re-
629 sulting in 3He/4He values that are high at Fernan-
630 dina, inferred to be directly over the plume con-
631 duit, and that decrease rapidly away from the
632 plume center. In contrast, plume-like isotopic ra-
633 tios of Sr, Nd, and Pb, elements assumed to be
634 less incompatible than He, remain in the advected
635 plume mantle farther away from the center of
636 focused upwelling. By analogy, samples dredged

637far from the Bouvet conduit, but still within the
638range of Bouvet in£uence, could have low 3He/
6394He ratios but enrichments in other isotopic sys-
640tems. In this way, the oblique supersegment could
641be in£uenced by Bouvet but lack high 3He/4He
642ratios.
643Geophysical evidence strongly argues against
644the broad Bouvet plume hypothesis. For example,
645integrated analysis of gravity and bathymetry

11 Fig. 9. (a) Map of predicted sea£oor topography in the Bouvet Triple Junction region (data from [48]), showing the locations of
2 3He/4He measurements (squares are Knorr samples, triangles are Polarstern/Agulhas samples, and circles are from [21] or [7]).
3 AAR=American^Antarctic Ridge, MAR=Mid-Atlantic Ridge, and SWIR=Southwest Indian Ridge. White stars give the posi-
4 tions of the Bouvet and Shona hotspots. Contour lines indicate 3 and 4 km depth, and an arti¢cial illumination is imposed from
5 the NW. (b) 3He/4He (¢lled symbols) and 87Sr/86Sr (diamonds) data along the AAR and SWIR. The names of selected fracture
6 zones are labeled as Bu=Bullard FZ, Co=Conrad FZ, Bo=Bouvet FZ, IO= Islas Orcadas FZ, and Sh=Shaka FZ. Rectangle
7 marked with a ‘B’ indicates the interpreted position of the Bouvet plume. Dashed line at 8 R/Ra indicates N-MORB 3He/4He
8 reference level. Data are from le Roex et al. [26], Mahoney et al. [35], and Kurz et al. [21].
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646 data indicates that the Bouvet plume along-axis
647 anomaly is strongly localized between the Bouvet
648 and Islas Orcadas fracture zones, V300 km from
649 the oblique supersegment [30]. Moreover,
650 although a broad thermal plume should be asso-
651 ciated with thickened crust (e.g. [52]), crustal
652 thickness for the oblique segment is likely to be
653 signi¢cantly less than that of normal oceanic
654 crust, as inferred from gravity analysis [53] and
655 extensive recovery of peridotite over large regions
656 of the sea£oor [32]. Also, we have already noted
657 that major element, trace element, and other iso-
658 topic data suggest that the Bouvet plume in£u-
659 ence can be traced along the SWIR more than
660 700 km eastward from the inferred location of
661 the upwelling plume [26]. Similar evidence exists
662 for Bouvet plume in£uence along the AAR, to
663 distances of as much as 1200 km away from the
664 plume conduit [54]. As pointed out by le Roex et
665 al. [54], it is unlikely that the geochemistry of
666 approximately 2000 km of ridge is governed by
667 direct lateral dispersion from such a diminutive
668 plume as Bouvet. For comparison, the geochem-
669 ical signature of Iceland, one of the largest plumes
670 presently a¡ecting the global mid-ocean ridge sys-
671 tem [55] and signi¢cantly larger than Bouvet, is
672 observed along approximately the same length of
673 the MAR [56]. For these reasons, we discount
674 invoking broad plume dispersal to explain the
675 low 3He/4He values for the oblique supersegment.

676 4.5.2. Dispersion of enriched mantle domains from
677 Bouvet
678 An alternative mechanism of Bouvet dispersion
679 would involve upwelling plume material distrib-
680 uted throughout the ambient mantle in discrete
681 enriched domains along the SWIR and AAR by
682 long-wavelength asthenospheric £ow [54]. As as-
683 thenospheric £ow transports the enriched domain
684 beneath a mid-ocean ridge, the domain melts to
685 produce either E-, T-, or N-MORB, depending on
686 the ratio of domain to ambient mantle that is
687 melted. Unlike the broad plume hypothesis, this
688 dispersion mechanism does not require an unduly
689 large Bouvet plume £ux. Le Roex et al. [26] sug-
690 gest that the enriched domains are present to at
691 least V14.5‡E. Because of limited geochemical
692 data, it is unclear how much farther east these

693postulated enriched domains may extend, or
694whether or not there may be a gradient in domain
695volume from west to east. Application of geody-
696namic numerical modeling results of plume^ridge
697interactions [57,58] suggests that it is unlikely that
698domains from a low-£ux Bouvet point source
699£owed more than 1500 km east to the orthogonal
700supersegment. Therefore, in view of the wide-
701spread nature of isotopic variability in the South
702Atlantic described in the following section, as
703compared to the more limited spatial distribution
704of Bouvet-related material, we next explore the
705notion that small-scale heterogeneity is character-
706istic of the South Atlantic mantle source, indepen-
707dent of the Bouvet plume.

7084.5.3. Nature of the South Atlantic mantle source
709In the immediate vicinity of Bouvet, low and
710high 3He/4He ratios are intermingled over short
711distance scales, in some cases within single
712dredges [21], suggesting melting of a heteroge-
713neous mantle with at least two end-members, a
714high 3He/4He source and a low 3He/4He source.
715Interestingly, outside of the immediate in£uence
716of other hotspots like Shona and Discovery, low
7173He/4He ratios are also observed throughout the
718South Atlantic, along the southern MAR, the
719AAR, and the SWIR [8,21,25]. The simplest ex-
720planation for the anomalous ratios observed in
721this investigation, therefore, may be that low
7223He/4He ratios are characteristic of the entire am-
723bient South Atlantic mantle, extending eastward
724to the Andrew Bain Fracture Zone complex along
725the SWIR. Unlike large plumes such as Iceland,
726the £ux of the high 3He/4He Bouvet hotspot is
727insu⁄cient to overprint the He systematics of
728this low 3He/4He mantle, and to create a coher-
729ent, long-wavelength trend of decreasing 3He/4He
730ratios away from the hotspot.
731Compared to the relative uniformity of 3He/
7324He isotopes, systems such as Sr and Nd show
733striking variability throughout the study area
734(Figs. 6b and 9b). In dredges west of 16‡E, 87Sr/
73586Sr ratios are variable and relatively high
736(0.70290^0.70368) compared to N-MORB [26].
737Similarly, 143Nd/144Nd ratios are variable but gen-
738erally range to low values (0.512837^0.513020)
739[26]. In contrast, east of 16‡E, the few available
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740 analyses suggest that 87Sr/86Sr ratios are low
741 (V0.70250) while 143Nd/144Nd ratios are high
742 (V0.51310) [35]. It would appear, therefore,
743 that the required South Atlantic mantle source
744 must be capable of generating a large range of
745 Sr and Nd isotopic compositions at low degrees
746 of melting. This variability may be explained by
747 the presence of isotopically enriched mantle veins
748 such as garnet pyroxenite. The relative uniformity
749 of the isotopic composition of helium from 10‡ to
750 24‡E is likely to re£ect only the bulk composition
751 of the mantle because of the rapid nature of He
752 di¡usion [59]. It is improbable that He isotopic
753 disequilibrium between the veins and the ambient
754 mantle could persist over mantle upwelling time
755 scales. For example, using a di¡usivity of 2U1038

756 cm2/s for clinopyroxene (at 1250‡C; [59]), helium
757 will di¡use almost 8 m in only 1 million years.
758 Pyroxenitic veins are widely distributed in small
759 quantities (6 1%) in mantle xenoliths, alpine peri-
760 dotites and ophiolites, and are believed to be com-
761 mon in the mantle [60]. Pyroxenitic veins may also
762 have lower melting temperature than peridotite
763 and could melt at greater pressures (e.g. [61]).
764 Thus, where the absolute degree of melting is
765 low, a small percentage of mantle vein material,
766 relatively enriched in incompatible elements com-
767 pared to the surrounding mantle peridotite, can
768 potentially dominate the melt composition. In
769 such a case, the isotopic systematics suggest two
770 di¡erent melting scenarios for the oblique and
771 orthogonal supersegments. In one scenario, the
772 vein/ambient mantle ratio remains constant, but
773 melt percentage increases, from west to east. Hot-
774 ter mantle temperatures in the east could result
775 from higher e¡ective spreading rates along the
776 orthogonal supersegment than the oblique super-
777 segment [62,63]. Thus, in the west, Nd and Sr
778 isotopic signatures would be dominated by melt-
779 ing of isotopically enriched mantle veins. In the
780 east, however, at higher degrees of melting, melt
781 compositions would be dominated by the isotopi-
782 cally depleted ambient mantle source, e¡ectively
783 masking the signal of the volumetrically smaller
784 veins. In the second scenario, the degree of melt-
785 ing remains constant and relatively low through-
786 out the study area, but the percentage or compo-
787 sition of the veins changes from west to east.

788However, this second scenario is inconsistent
789with the abundance of serpentinized peridotite
790and the near-absence of basaltic rocks over large
791regions of the sea£oor along the oblique superseg-
792ment, which contrasts with the abundant basalt
793and scarce peridotite dredged along the orthogo-
794nal supersegment [32]. This contrast seems to re-
795quire di¡erent extents of melting in the two super-
796segments.
797As discussed in the next section, pyroxenite
798veins have also been proposed to explain low
7993He/4He ratios observed in the Australian^Ant-
800arctic Discordance, a region of unusually low
801mantle temperature [45]. Although a veined man-
802tle source could be consistent with the isotopic
803data currently available for the oblique and or-
804thogonal supersegments, more thorough charac-
805terization of the South Atlantic mantle source
806awaits additional geochemical analyses of the ba-
807salts analyzed in this study, which will be pub-
808lished in a subsequent paper (Standish et al., in
809preparation). Accordingly, in the following sec-
810tion, we further speculate on the possible origin
811of the low 3He/4He signal.

8124.6. Origin of low 3He/4He values

813A salient characteristic of the oblique and or-
814thogonal supersegments is 3He/4He ratios that are
815uniformly below the putative ‘normal’ MORB
816value. Fig. 10 shows 3He/4He frequency histo-
817grams for each of the ridges in Fig. 8. Compared
818to the MAR and SEIR, a large fraction of all
819non-plume-a¡ected SWIR measurements are
8206 7.5 Ra (Fig. 10b). Moreover, between 10‡ and
82124‡E, all existing measurements are 6 7.5 Ra.
822Although the previous section describes how a
823heterogeneous mantle source could relate to low
8243He/4He ratios, several other potential causes of
825these low 3He/4He ratios are now evaluated.

8264.6.1. Degassing
827As discussed in an earlier section, degassing
828followed by post-eruptive radiogenic ingrowth of
8294He by decay of U+Th can lower time-integrated
8303He/4He ratios. However, the use of a threshold
8314He concentration makes it unlikely that radio-
832genic ingrowth is su⁄cient to decrease SWIR
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833 3He/4He ratios by approximately 1^2 Ra, from 8
834 Ra to 6^7 Ra. Therefore, degassing alone does not
835 seem to explain the low 3He/4He ratios.

836 4.6.2. Preferential melting of clinopyroxene
837 In a study of Juan de Fuca Ridge basalts, Lup-
838 ton et al. [64] explain correlations between 3He/
839 4He ratios, Na8:0, and Fe8:0 by invoking preferen-
840 tial melting of clinopyroxene. They point out that
841 most U and Th in peridotite is located in clino-
842 pyroxene, and that clinopyroxene melting contrib-

843utes relatively larger proportions to melts formed
844at lower temperatures. Therefore, they suggest
845that cooler, slower-spreading ridges should sys-
846tematically have lower 3He/4He ratios than warm-
847er, faster-spreading ridges. Although this explana-
848tion is consistent with low 3He/4He ratios at the
849ultra-slow spreading SWIR, rapid He di¡usion
850makes it unlikely that mineral-scale isotopic het-
851erogeneity can persist for characteristic time scales
852of s 100 yr [59]. Thus, preferential melting of
853clinopyroxene at low mantle temperatures cannot
854explain low 3He/4He ratios.

8554.6.3. Vertically strati¢ed mantle
8563He/4He ratios as low as 6.2 Ra have been ob-
857served for basalts from the AAD [45]. Analysis of
858basalts [65] and numerical modeling work [66]
859suggest that mantle temperatures may be as
860much as 150‡C lower in the AAD than along
861surrounding sections of the SEIR. Graham et al.
862[45] note a correlation between 3He/4He ratios
863and Fe8:0, implying that lower 3He/4He ratios
864are associated with shallower depths of melting.
865Two possible explanations for this correlation in-
866clude a vertically strati¢ed mantle and melting of
867discrete heterogeneities [45]. The ¢rst explanation
868assumes that the upper mantle is vertically strati-
869¢ed, with relatively more degassed material with
870lower 3He/4He ratios overlying less degassed ma-
871terial. Since melting occurs at shallower depths
872for thermally cool ridges such as the western
873SWIR and eastern SEIR than for faster-spreading
874or warmer ridges, melts produced at cool ridges
875should have lower 3He/4He ratios. A good test of
876this hypothesis for the SWIR will come from Fe8:0
877variation along the orthogonal and oblique super-
878segments, data which are not yet available. Inter-
879estingly, the portion of the SWIR between the
880Melville Fracture Zone at 61‡E and the Rodrigues
881Triple Junction at 70‡E has the greatest axial
882depth along the entirety of the SWIR, suggesting
883anomalously cool mantle temperatures [67,68].
884However, limited investigation of 3He/4He ratios
885from the eastern SWIR near the Rodrigues Triple
886Junction has yielded values of 7.68, 8.11, and 8.09
887Ra [69], higher than values observed along the
888orthogonal and oblique supersegments and coun-
889ter to the predictions of the vertically strati¢ed

11 Fig. 10. Frequency histograms of 3He/4He ratios for non-
2 plume-in£uenced MORB glasses from (a) the SWIR between
3 10‡ and 25‡E, (b) the entire Southwest Indian Ridge, (c) the
4 Mid-Atlantic Ridge, and (d) the Southeast Indian Ridge, ex-
5 cluding data from the Australian^Antarctic Discordance.
6 Note that all samples available for 10^25‡E SWIR have 3He/
7 4He ratios below 7.5 Ra. As spreading rate increases, the
8 peak in 3He/4He ratios appears to become less pronounced
9 and may shift to higher values.
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890 mantle model. Furthermore, three-dimensional
891 thermal modeling calculations for passive plate
892 separation predict that for depths within the melt-
893 ing region, axial temperature for the oblique
894 supersegment is approximately 50^100‡C lower
895 than the orthogonal supersegment [62]. Therefore,
896 if the vertically strati¢ed mantle model applies,
897 there should be a systematic di¡erence between
898 predicted, relatively low 3He/4He ratios along
899 the oblique supersegment and predicted, relatively
900 high 3He/4He ratios for the orthogonal superseg-
901 ment. Although the predicted di¡erence between
902 oblique and orthogonal supersegment 3He/4He ra-
903 tios may not be as great as the AAD 3He/4He
904 anomaly because of the overall colder thermal
905 regime of the SWIR, no such di¡erence was ob-
906 served.

907 4.6.4. Mantle heterogeneities
908 Preferential melting of discrete mantle hetero-
909 geneities with lower solidus temperature than sur-
910 rounding material may also result in low 3He/4He
911 ratios [45]. As described in an earlier section, for
912 example, if crustal recycling veined the AAD
913 MORB source with low-3He/4He garnet pyroxe-
914 nite, then such veins would form a relatively large
915 proportion of melt generated at cool ridges be-
916 cause they melt preferentially to mantle peridotite
917 [45]. With increasing mantle temperature and
918 depth of melting, mantle peridotite with higher
919 3He/4He would dilute garnet pyroxenite melts, re-
920 sulting in MORB with higher 3He/4He ratios. In
921 general, the most likely explanation for low 3He/
922 4He ratios appears to be introduction of recycled
923 crustal or oceanic lithospheric material (e.g.
924 [5,22,24,70]), with relatively high (U+Th)/He ra-
925 tios, into the source region for orthogonal and
926 oblique supersegment MORB. It is possible that
927 this recycled material is associated with the South
928 Sandwich subduction zone, which is the closest
929 subduction zone to the study area. It is important
930 to note, however, that evaluation of this hypoth-
931 esis requires geochemical data from the oblique
932 and orthogonal supersegments that are not yet
933 available.
934 Overall, the existence of low 3He/4He ratios
935 over a long portion of the SWIR suggests that
936 the average value of 8 ; 1 Ra for N-MORB may

937need to be referenced judiciously. It is possible
938that average MORB 3He/4He ratios vary between
939ridge systems. Currently, well-sampled ridges such
940as the slow-spreading MAR are over-represented
941in the global 3He/4He ratio database. The results
942of this study suggest that at least the ambient
943mantle beneath the ultra-slow spreading SWIR
944has 3He/4He ratios of 6.3^7.3 Ra, which are sig-
945ni¢cantly lower than 8; 1 Ra. This conclusion is
946supported by glass data near the BTJ, which also
947indicate relatively low 3He/4He ratios [21].

9485. Conclusions

949The main results of this helium isotopic study
950along the western SWIR include the following:
9511. 3He/4He isotopic ratios are uniformly lower
952than the putative MORB value (of 8 ; 1 Ra)
953along both the oblique supersegment (9‡ to
95416‡E) and the orthogonal supersegment (16‡
955to 24‡E) of the SWIR. 3He/4He ratios range
956from 6.3 to 7.3 Ra. These low ratios show
957that average values of 3He/4He for ‘normal’
958MORB ratios must be used carefully, and
959may suggest that average 3He/4He ratios vary
960from ridge to ridge. The low ratios are not the
961result of post-eruptive radiogenic ingrowth
962processes. The preferred explanation is intro-
963duction of U+Th into the SWIR mantle source
964by recycling of crustal or lithospheric material,
965although detailed evaluation of this explana-
966tion awaits further geochemical data from the
967oblique and orthogonal supersegments. While
968the He data set alone cannot support or refute
969the existence of a veined mantle source for the
970SWIR, a veined mantle source is consistent
971with the di¡erent systematics of He, Nd, and
972Sr isotopes throughout the study area.
9732. Despite prediction by earlier studies of an in-
974verse relationship between 3He/4He variability
975and spreading rate, 3He/4He ratios between 10‡
976and 24‡E are relatively constant, with a stan-
977dard deviation from the mean of approxi-
978mately 0.1^0.2 Ra.
9793. Although the total variation in 3He/4He ratios
980is relatively small, there is a systematic trend
981along the orthogonal supersegment with 3He/
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982 4He ratios increasing from 6.6 to 7.3 Ra from
983 west to east. Furthermore, 3He/4He is also sig-
984 ni¢cantly correlated with MBA along this
985 trend. The glasses from the western end of
986 the study area have signi¢cantly lower total
987 4He concentrations than those from the east.
988 4. Despite a signi¢cant di¡erence in ridge orien-
989 tation between the orthogonal and oblique
990 supersegments, there does not appear to be
991 any systematic 3He/4He isotopic di¡erence be-
992 tween the two ridge sections. Moreover, there
993 is no evidence from 3He/4He data for in£uence
994 of the high-3He/4He Bouvet plume on either
995 supersegment.
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